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ABSTRACT 
Torrefaction is one of the method to extract biomass energy from its raw form 
other than direct combustion, thermo chemical transformation, carbonization and others. 
Torrefaction is a thermal conversion technique for biomass refming process in the 
oxygen free atmosphere. This process requires atmospheric temperature of200-300°C. In 
order to achieve this temperature a necessary outside heat need to be supplied to the 
torrefaction reactor. This heat can be generated from various sources such as electricity, 
and hydrocarbon combustion. However the usage of this source consumes some already 
produced electricity and not enviromnentally friendly. Apart from all these energy 
sources, solar thermal energy also could be used as the energy sources for the torrefaction 
process as it is enviromnentally friendly and also abundant without the need to use energy 
in order to extract and use it. The objective of this project is conducted to develop a high 
temperature solar thermal system for use as an energy source for the torrefaction of 
biomass. This project focuses developing solar concentrator with tracker, the thermal 
storage and addition of the existing component including heat exchanger and pump. In 
order to design the system, a set of weather data for sun irradiation is referred to so that 
the designed system is not experiencing under design. Solar engineering and heat transfer 
principles are used in the project. Throughout the phase of the project, the dimension of 
the system has been finalized and the simulation has been done on the two critical 
components which are the PTC and the thermal storage tank. The minimum flow rate for 
HTF for max heat transfer also has been determined. 
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1.1 Background of Study 
CHAPTERl 
INTRODUCTION 
Nowadays, the world experiencing energy crisis due to the depletion of 
hydrocarbon fuel and also the environmental issues aroused due to pollution caused by 
the combustion of this hydrocarbon fuel. Apart from this non-renewable energy source 
there are still other potential alternative energy sources that are renewable, carbon lean 
and also environmentally friendly. Some of the energy are the biomass and solar. In order 
to bring out the maximum from the biomass, torrefaction process is needed to refine the 
raw biomass material into solid fuel. This means external energy is needed in order to 
convert this biomass composition into efficient solid fuel. In order to reduce the usage of 
produced energy to be used for this process, another raw, cheap, environmentally friendly 
and abundant source of energy is needed. The interest in manipulating solar energy has 
already existed from the ancient time and it is one of abundant of renewable energy 
sources until now. However, only a minuscule fraction of the available solar energy is 
used. Engineers have continuously sought ways to improve the efficiency of solar energy 
harnessing by using ever-revolving technologies. This project aim is to develop solar 
high temperature system that can be used in the biomass torrefaction reactor as shown in 
the Figure 1.1. 
I•Ut 
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Figure 1.1: A torrefaction reactor (topellenergy.com, 2011) 
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1.2 Problem Statement 
A reactor is going to be developed to process biomass. The process requires heat 
at 200-280°C which can normally be supplied through electrical heater. Using solar 
energy, the energy cost for process can be reduced. Solar thermal energy can be 
converted into various ways. One of the methods is by using solar concentrator to obtain 
high temperature as high as 400°C (Shuai eta!, 2010). The temperature produced will be 
used to heat up the water until 1 oooc and the water will be supplied to the reactor to 
increase the inside temperature of the reactor to 200-280°C. 
1.3 Significance of Project 
In order to bring out the maximum from the biomass, torrefaction process is 
needed to refme the raw biomass material into solid fuel. This means external energy is 
needed in order to convert this biomass composition into efficient solid fuel. The net 
energy input for torrefaction process is 3000 MJ/Ton of the raw biomass with moisture 
content of 60% (Shah eta!, 2011) equivalent to 65 kg of fossil fuel. In order to reduce the 
usage of produced energy to be used for this process, another raw, cheap, 
environmentally friendly and abundant source of energy is needed. The development of 
this system will help to utilize the solar energy efficiently and reduce the cost of 
electricity and existing fuel combustion in order to produce torrefied biomass. 
1.4 Objectives and Scope of Study 
The objectives of this project are to design a solar thermal concentrator that can 
deliver heat transfer fluid sufficient for the torrefaction. The water will be heated using 
the heat exchanger to achieve 350°C. Concurrently, this project also is to develop 
thermal storage system shall be incorporated in order to exploit excess energy and for 
usage at necessary times such as during night times or rains. 
In order to meet the objectives of this project, the following steps were taken: 
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1. Investigate and analyze the weather data in UTP 
2. Detennine the size of solar concentrator need to be used 
3. Determine the system material, type and of heat exchanger used, size of the pipe, 
pump specification and HTF flow rate. 
4. Auxiliary- design the solar tracker features (mechanical and electrical part). 
The scope of study involves research more about the design requirements and 
material selection for the system. Detailed simulations will be conducted to fully 
understand the both the requirements and constraints of the system which are the size of 
the collector, orientation of the concentrator, effect of sun position throughout the day, 
and htf flow rate. A design concept and its material should be produced by the end of the 
second semester. 
The study is conducted to develop the design and to produce complete technical 
drawings of the system that are up to the codes of standards. The design should be able to 
accommodate auxiliary items needed by the system such as bold and nuts, o-ring seal, 
gasket and solar tracking system. This is expected to be completed by the third semester. 
Basically, the scope of study for this project can be illustrated in Figure 1.2 which 
excluding the controlling component. What are shown in the figure are basically to give a 
concept on how the system will work without putting auxiliary equipment such as valve, 
flow meter, and the solar tracking mechanism. The pump will operate at constant speed 
but the HTF flow rate will be varied by using the valve placed after the pump. This 
applied also for water flow in the heat exchanger. The full description of how the system 
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LITERATURE REVIEW AND THEORY 
2.1 Torrefaction Theory 
Torrefaction is a mild pre-treatment of biomass at a temperature between 
200-300 °C. During torrefaction the biomass its properties are changed to obtain a much 
better fuel quality for combustion and gasification applications (Bergman, et al.). 
During the process, the biomass loses typically 20% of its mass (dry bone basis-
the amount of material that weighs 2400 lbs when it is dry, while only 10% of the energy 
content in the biomass is lost (SRS, 2011). The comparison between raw and torrefied 
biomass can be seen in the Table 2.1 (UMU, 2011 ). 
Table 2.1: The comparison between raw and torrefied biomass 
No. Raw Biomass Torrefied Biomass 
1. Large bulk volume High density densification 
2. Wet (More than 70% moisture Dry (Less than 15% moisture 
content) content) 
3. Expensive grinding cost Cheap grinding cost 
4. Non-feedable Feedable 
5. Low energy content (only 30% of High energy content (90 % of its 
its total energy can be used) total energy can be used) 
6. Inhomogeneous Homogeneous 
7. Risk ofbio contamination No bio contamination 
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2.2 Thermal Concentrator 
Thermal concentrator is a solar collector designed to collect heat by absorbing 
sunlight. The term is applied to solar hot water panels (flat-plate collector), but may also 
be used to denote more complex installations such as solar parabolic, solar trough and 
solar towers or simpler installations such as solar air heat. In this study the focus is to 
produce temperature higher than possibly delivered by the flat plate collector. Energy 
delivery temperature can be increased by interposing an optical device between the 
source of radiation and the energy absorbing surface absorbing surface (Duffie, 
Beckman, 1991). The approach can be used for the concentrators are imaging (lenses) 
and non imaging (heliostat or reflector). Solar tracking integration are also are made 
possible to increase the efficiency of collecting solar radiation. Solar concentrator 
commonly consists of reflector and optical system. 
Some consideration needs to be taken care of are the concentration ratio which is 
the ratio of area aperture and the area of receiver which shown in the Figure 2.1. 
Figure 2.1: Schematic of sun at Ts at R distance from a concentrator with 
aperture area Aa and receiver area A, 
where Aa is aperture area, Ar is receiver area, R is aperture distance from sun, r is sun 
radius and 95 is sun angle. 
Concentration Ratio, C = ~: (2.1) 
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The ratio has the upper limit which gives the maximum concentration ratio 
depend whether it is a three-dimensional concentrator or two-dimensional concentrator. 
In this study the development of the system will be on three-dimensional concentrator 
which given by the following equation which is 
( Aa) RZ 1 Ar circular,max = ;2 = sin2 9s (2.2) 
This ratio will be used to compare the concentration of each type of concentrator. 
2.3 Dewar Tube 
A glass vessel used for keeping liquids at temperatures differing from that of the 
surrounding air. This is done by reducing to a minimum the transfer of heat between the 
liquid and the air. A Dewar flask consists of a double-walled flask, with the space 
between the two walls exhausted to a very high vacuum, to minimize transfer of heat by 
convection and conduction. The inner surfaces of the walls are silvered to reduce transfer 
of heat by radiation; areas of contact between the two walls are kept at a minimum to 
keep down conduction of heat (Daviddarling, 2011 ). The principle of this tube will be 
used for thermal storage and solar receiver of the solar concentrator system. 
Figure 2.2: Vacuum flask (Dewar tube) diagram (Wikipedia, 2011) 
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2.4 Solar Tracker 
A solar tracker is a generic tenn used to describe devices that orient various 
payloads toward the sun (Wikipedia, 2011). Payloads can be photovoltaic panels, 
reflectors, lenses or other optical devices. In this study which focused on concentrated 
solar thennal (CSP) applications trackers are used to enable the optical components in the 
systems. The optics in concentrated solar applications accepts the direct component 
of sunlight light and therefore must be oriented appropriately to collect energy. Tracking 
systems must be integrated in almost all solar collector system applications because such 
systems do not produce much energy unless oriented closely toward the sun. 
2.5 Centrifugal Pump 
A centrifugal pump is a rotodynamic pump that uses a rotating impeller to increase the 
pressure of a fluid (Johani et al, 2011). It is commonly used to move fluid through a 
piping system. The fluid enters the pump impeller along and near to the rotating axis and 
is accelerated by the impeller, flowing radially outward into a diffuser or volute chamber 
(casing), from where it exits into the downstream piping system. Centrifugal pumps are 
used for large discharge through smaller heads. 
Figure 2.3: Common usage of pump in the industry. See Figure 2.4 (Johani et al, 2011) 
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Based on the figure 2.3, it shown the mechanism of the pump in a system where, the 
pump is used to pump and lifted up the fluid upwards to the system. Literature defines 
that centrifugal pump is the highest efficiency pump as to compare with others; cantilever 
pump. Theoretically, reducing the head from the head on a centrifugal pump will 
decrease the flow of the fluid and hence increase the power demand. 
bea'ir\Q 
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Figure 2.4 : The overall design and equipments in a centrifugal pump 
(Johani eta!, 2011) 
There is various kind of design of centrifugal pump which all of them share the same 
concept to pump the water upwards. The most important part of the centrifugal pumps is 
the impeller, which used to suck the fluid to be lifted upwards and the inlet and outlet 
gateway. Basic design of a pump is that, it should be lifted up the water upwards at the 
outlet gate where the water must come in the inlet gateway radihlly. Like most pumps, a 
centrifugal pumps convert's mechanical energy from a motor. to energy of a moving 
fluid; some of them go into kinetic energy of fluid motion and some into potential energy 
which representing lifting up the fluid against the gravity to a higher level. Most of the 
energy conversion is due to the outward force that curved impeller blades impart on the 
fluid 
Centrifugal pumps work by converting the kinetic energy of a liquid into pressure 
energy. It does this by means of two major components; for example the impeller and the 
diffuser. Fluid entering a centrifugal pump is immediately directed to the low pressure 
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area at the center or eye of the impeller and as the impeller is rotated by means of a motor 
or engine, a low pressure region is created at the impeller eye causing the liquid to be 
sucked into the eye. As the impeller rotates, they transfer momentum to incoming fluid 
and sucked fluid is thrown out with force through the periphery of the impeller. A 
transfer of momentum to the moving fluid increases the fluid's velocity. As the fluid's 
velocity increases its kinetic energy also increases. Now, the diffuser comes into action. 
The diffuser due to its shape of varying cross-sectional area causes the liquid to slow 
down and from Bernoulli's principle; a reduction in kinetic head will be compensated by 
an increase in pressure head. This pump will be used to pump the HTF across the system. 
2.6 Heat Exchanger 
Heat exchanger are the device that's that facilitate the exchange of heat between 
two fluids that are at different temperature while keeping form mixing with each other. 
Heat exchangers are commouly used in wide range of application from heating to air 
conditioning. The heat transfer in heat exchanger usually involves conduction through 
wall separating the two fluid and convection between the fluid . The most common type 
of heat exchanger to beused are shell and tube heat exchanger shown in Figure 2.5 
(Cengel, 2006). The heat exchanger will be used in this project in order to transfer the 
heat from the solar concentrator to the working fluid in the reactor. 
Figure 2.5: The shell and tube heat exchanger (Exergyllc, 2011) 
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2.7 Theory and Calculation 
The solar concentrating system which has to be designed must be able to comfonn 
the weather condition and irradiation in the site which is Malaysia. The design is been 
shown in the Fignre 1.2. In this section, the method of calculating the parameter until the 
project progress until now involves in the system will be discussed here. 
2.7.1 lrradianee Measurement 
The irradiance measurement is important as the average reading will determine 
the size of the system especially the solar concentrator. The type, size and shape of the 
solar concentrator will determine the amount of heat it can be transferred. The solar 
radiation on clear days can be calculated using the equation (2.3). The diffuse radiation 
also can be used on the solar concentrator as it is gather around it during sunny day. 
(2.3) 
where lh is the total instantaneous radiation on horizontal surface, lb.h is the value of 
direct radiation in W/m2 and la,h is Diffuse radiation in W/m2• 
The role of value is shown in the Figure 2.6 below 
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=Ib~osz 
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Figure 2.6 : Solar radiation on horizontal surface 
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2.7.2 Receiver and HTF Selection 
Since the receiver is ready made, the selection has been done based on the power 
rating of the collector and the flow rate of HTF. The size of the receiver is ftxed and can 
only be varies by the absorber tube and the length of the receiver itself. The HTF will be 
selected based several criteria such as, specific capacity, vapor pressure and its boiling 
point. 
2. 7.3 Heat Exchanger Selection 
Since the receiver is ready made, the selection has been done based on the power 
rating of the collector and the flow rate of HTF. The size of the receiver is ftxed and can 
only be varies by the absorber tube and the length of the receiver itself. 
2.7.4 Thermal Storage Design 
The size of the storage depends on the flow rate of the HTF and total volume of 
the HTF can be heated during the operation of the solar concentrator with the specified 
receiver size. The storage tank will be design as smallest as it can be to conform to the 
miniature scale objective and to reduce the space govern by the end product. 
2. 7.5 Solar Concentrator Design 
The solar concentrator design is based on parabola with the principle equation 





where y is the depth of the parabola, xis the diameter/ opening of the parabola and f is 
equal the focus of the parabola 
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x = diameter of parabola 
y = depth of parabola 
f =focus of the parabola 
Figure 2. 7 : Parabolic surface denomination 
2. 7.6 Equipment Sizing 
In sizing the equipment of the system, there are some equations used. The equations 
in determining equipment sizing are shown in Table 2.1. 
Table 2.1: Equation for Equipment Sizing (aip.org, 2011) 
No. PARAMETER EQUATION 
1) Heat Transferred Q = mass flow rate x liquid specific heat x temperature difference. 
2) Pipe Cross-sectional A = II x (radius )2 or II x (Diameter/2)2 
Area 
3) Fluid Velocity V = fF'low rates) I (Pine cross sectional area) 
-, ' ,-----·-··-·-/· ... --... ----- -----------., 
4) Reynolds Number Re= Density x PiruJ ID x Velocity 
viscosity 
5) Friction Loss in 100 Moodx friction factor x liguid flow rate 2 x SG 
m length of pipe 
~P/lOOft = (0.00115) 5 
Pipe ID 
6) Total pressure drop P - Friction Loss per lOOm x equivalent length 
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In sizing the pipe, some graph and table are used for determining the moody friction 
factor and equivalent length of pipe. They are chart for relative roughness, moody friction 
factor chart and equivalent table. 
2. 7. 7 Fluid Flow Justification 
There are two types of flow - turbulent or laminar ( aip.org, 20 II). Turbulent flow 
produces better heat transfer, because it mixes the fluid. Laminar-flow heat transfer relies 
entirely on the thermal conductivity of the fluid to transfer heat from inside a stream to a 
heat exchanger wall. An exchanger's fluid flow can be determined from its Reynolds 
number (Re) where is flow velocity and Dis the diameter of the tube in which the fluid 
flows. The units cancel each other, making the Reynolds number dimensionless. If the 
Reynolds number is less than 2,000, the fluid flow will be laminar; if the Reynolds 
number is greater than 6,000, the fluid flow will be fully turbulent. The transition region 
between laminar and turbulent flow produces rapidly increasing thermal performance as 
the Reynolds number increases. The type of flow determines how much pressure a fluid 
loses as it moves through a heat exchanger. This is important because higher pressure 
drops require more pumping power. It is useful to predict the pressure drops that can 
occur with changing rates of flow. Laminar flow produces the smallest loss, which 
increases linearly with flow velocity. For example, doubling the flow velocity doubles the 
pressure loss. 
2. 7.8 Number of Transfer Units for Counter Flow Heat Exchanger 
Effectiveness relation of the heat exchangers typically involve the dimensionless 
group of VAs!Cmtn. This quantity is called the number of transfer units NTU and is 
expressed as Equation ( 2.4). 
NTU = UAs = .UAs 
Cmtn (mcp)mtn (2.4) 
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where U is the overall heat transfer coefficient and As is the heat transfer surface area of 
the heat exchanger. It is also convenient to define another dimensionless quantity of 
capacity ratio, c as: 
c . 
c = ...!?!!?.!. 
Cmax (2.5) 
It can be shown that the effectiveness of the heat exchanger is a function ofNTU and c 
and for the counter flow heat exchanger arrangement, the effectiveness, E of the heat 
exchanger can be related as: 
1-exp[-NTU(1-c)) 
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3.2 Project Activities and Gannt Chart 
For the project activities, Please refer to the Appendices section for the 
Appendix 1: Gantt chart for Second Semester (May 2011) and Appendix 2: Gantt chart 
for Third Semester (September 2011 ). For the first semester the project is focused on the 
rough design, material selection and equipment sizing while during second semester the 
project focused on detail design and analysis of part of the system components. 
3.3 Detailed Descriptions oflmportant Activities 
a) Preliminary Study & Determination of the Scope of Work 
Before starting the project, a preliminary study will give the author a better 
understanding of the topic. Information will be gathered from journals, books, 
newspapers, and also case studies that have any relevance to the topic. Study on 
previous designs will provide valuable information on the functions of the explosion 
vessels that can be used in planning the project and understanding its scope of work. 
b) Design Concept, Design Requirements & Material Study 
Design requirements are sets from the prior analysis on the heat transfer from the 
concentrator to the vacuum insulated vessel and design constraints set by the 
Supervisor will serve as a guideline in the creation of the design concept and material 
study. The weather data are measured in UTP for several months for this purpose in 
order to make the design optimized for the system to be tested in this location if it 
were to be fabricated. 
c) Design Development & Material Selections 
Development and refinement of design concept are needed to ensure the design 
meeting the safety standards and the previously agreed design requirements. A few 
design concept should be created and finalize through a decision matrix technique. 
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An established design concept will then allow for a material selections process also to 
be done through the decision matrix technique. 
d) Technical Drawings and simulation with SolidWorks 2010 
Technical drawings of the final product should be created through the SolidWorks 
simulation software that complies with ASME (American Society of Mechanical 
Engineers) codes and regulations for solar engineering. The express finite element 
simulation will be done through this software also in order to determine the structural 
and thermal reliability of the system. The thermal and stress analysis will be run using 
the Solidworks Simulation. 
e) Design of solar tracking system 
The solar tracking will be designed along the development of the solar 
concentrator whether it will be manual handling or motor assisted with electronic 
control. 
3.4 Tools and Equipment Required 
a) Hardware 
1) Data Logger 
1bis hardware is used in order to record the weather data of the location which 
the system is planning to be tested if the design were to be fabricated. The weather 
data measurements is taken in the 5-minute interval for several months and the 
resulted data will be evaluated as the input for the design. 
b) Software 
1) SolidWorks 2010 Premium 
SolidWorks is a 2D and 3D CAD (Computer Aided Design or Computer 
Aided Drafting) and simulation software application used in architecture, 
18 
construction and manufacturing to assist in the preparation of blueprints and other 
engineering plans. In this study this software will be used to create technical 
drawing and to conduct simulation on the virtual prototype. 
2) Eagle 5.7.0 Professional 
This software is used to design a circuit and simulate it for PCB fabrication 
for solar tracking system control and timing. The circuit will be done prior to the 
completion of the solar concentrator and the storage vessel. 
3) Parabolic Calculator 
This software is used to design a parabolic profile and simulate it for PCB 
fabrication for solar tracking system control and timing. The base equation for 
this parabolic profile modeling is as per stated in the Equation 2.3. 
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CHAPTER4 
RESULTS AND DISCUSSION 
4.1 Solar Radiation Evaluation at UTP 
Table 4.1 shows the results of irradiation recorded in UTP for the past three 
month (June, July, August) 2011. This result is needed as a vital parameter for designing 
the solar concentrator. This data have been collected by Khairul Nazmi Ahmad Majdi but 
concentrating on different parameters for the project entitles "Performance Improvement 
of Photovoltaic Panels Through Mitigation of Surface Temperature Cooling and Debris 
Removal" supervise by Ir Dr Mohd Shiraz Aris. The reading taken for 12 hour operation 
starting from 7am to 7pm with the time tolerance of ±30 minutes. The data taken for 
every 5 minutes interval. 
Table 4.1: Average Irradiation tabulation for UTP 
No Date taken Average Irradiation (W/ml) 
1 22/6/2011 426 
2 29/6/2011 476 
3 30/6/2011 437 
4 2717/2011 321 
5 10/8/2011 408 
6 11/8/2011 519 
7 12/8/2011 395 
8 13/8/2011 1031 
Total avera2e 493 
The graphical representation of the can be seen in the Appendix 3.Using the equation 2.3 
and Figure 4.6 the values that are known are : 
a. Direct radiation, Ib,h = 493 W/m2 
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b. Altitude angle, a = 85° (solarelectricityhandbook.com,2011) 
c. From the Equation 2.3 it is known that 
To find diffuse radiation, Id,h 
I I = __!!!!_ 
bN sin a 
- 495 W/m2 
Id,h =C. IbN 
where C = Skydiffuse factor= 0.122 (from Table 4.2) 
Table 4.2: Average value of atmospheric optical depth (k) and sky diffuse factor C for 
21 '1 day of each month, for average atmospheric conditions at sea level 
Month I 2 3 4 5 6 7 8 9 
k 0.142 0.144 0.156 0.180 0.196 0.205 0.207 0.201 0.177 
c 0.058 0.060 0.071 0.097 0.121 0.134 0.136 0.122 0.092 
Source: Threlkeld, J.L. and Jordan, R.C.,ASRAE Trans., 64:45 (1958) [76]. 
Id,h = (0.122)(495) 
= 60.39 W/m2 
thus giving the total irradiation value of 








This total radiation is just as half of the radiation reading of standard 1000 W /m2 
gives the solar concentrator an under design if it is usually design and use according to 
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the norm. To suits the weather here it is proposed that to- be designed solar concentrator 
will be having two time of it usual size for the same purpose in Malaysia specifically in 
UTP in order to supply the same power. 
4.2 The Concentrator and Receiver Design 
Before starting the design process, the shape of the concentrator itself plays a 
major role in the concentrator design. The objective of this process is to choose the most 
suitable shape for the concentrator that can supply more power to the HTF and also can 
supply heat to the HTF in large quantity in one time. Since smallest existing receiver tube 
in the market will be used, the compatibility issues with the designed concentrator also 
must be taken into consideration. A common selection method in designing is the 
selection matrix technique, which are used in this research. The shape of the concentrator 
are mainly selected from the common type of concentrator that are used in solar power 
plant based on Principles of Solar Engineering (Goswami eta!, 2000) 
Table 4.3: Shape selection matrix for solar concentrator 
Criterion 
High power concentration given the 
same area coverage 
Large heat transfer area 
Compatibiltiy with existing receiver 




























Based on Table 4.3, the solar concentrator shape to be selected is the parabolic 
trough concentrator as it supplies more power given the same area coverage and has large 
heat transfer area between the receiver and much easier to be fabricated compared to 
parabloid concentrator. 
4.3 Material Selection 
The materials selection process for the concentrating surface need to be 
conducted. The objective of this process is to choose the most suitable materials for the 
concentrating surface so that the most sun radiation will be successfully directed to the 
receiver tube. The suitable material for thermal storage also needs to be decided. The 
Selection matrix is as shown in Table 4.4. 
Table 4.4: Material selection matrix for solar concentrator surface 
Criterion Weight 
Reflective index 4 
Price 2 
Ease to clean 3 
Ability to withstand changing 
3 
weather 
Machinability Index (Ease to 
4 
Fabricate) 








3 X 4 =12 5x4=20 
4 X 4 =16 3 x4 =12 
3x4=12 4x4=16 
3 x4 =16 4 X 4 =16 


















The selection matrix for the thermal storage is shown in Table 4.5. 
Table 4.5: Material selection matrix for thermal storage tank 
Criterion Weight 
Ability to witbstand high 4 
temperature (Coeficient of 
thermal expansion) 
Ability to witbstand fracture 3 
(hardness) 
Ability to withstand corrosion 3 











4 x3 =12 3 x3 =9 
5 X 3-15 1 x3=3 
3x2=6 5 X 2 =10 
5x2-10 5x2-10 
3 x2-6 5 X 2 = 10 
61 58 
5 =Htgh 





Alloy 6061 T6 
1 x4=4 
1 x3 =3 
5 X 3 =15 
5 X 2 =10 
5 X 2-10 
5 X 2 =10 
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From Table 4.4 and Table 4.5, the best materials for the solar concentrator surface 
is the aluminum sheet and the thermal storage body is stainless steel 316 (annealed plate) 
respectively. 
4.4 Concentrator Surface Profde Design 
The parabolic surface profile on the parabolic trough is designed basically on 
certain parabolic equation given as Equation 2.3 (ASME Solar Engineering Journal, 
2001 ). Some criterion taken into consideration while designing the profile is the ease of 
24 
fabrication of the parabolic surface itself. Which means the diameter value and the depth 
of the parabolic surface must generate a reasonable and achievable focal point. The size 
of the profile must double the standard concentrator for the smallest evacuated receiver 
tube. Using Parabola Calculator Software, the input was inserted using trial and error 
method as shown in the Figure 4.1. Since only integer number is acceptable 24 is equal to 
2.4m. 
Enter the Parabola 
Dimensions 
Both ~nrons must u>e t~ 
arne o.nh (rli!VI!fS only) 
Dlamelet 124 
Depth 6 ..!.I 
Focal Length I 6 00 
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Figure 4.1 Usage of parabola calculator to determine the parabola dimension for 16 
segments 
-
After trial and error input, the value that came in conclusion ts summarized in the 
Table 4.6. 
Table 4.6 Parabolic Surface Profile Detail 





4.5 The Concentrator and Pipe Sizing and Insulation 
The parabolic trough concentrator size is made basically based on the smallest 
existing evacuated tube in the market since it is difficult to customize evacuated tube size 
apart from its length. Tehe evacuated tube specification is shown in the Figure 4.2. The 
specification of the parabolic concentrator surface can be shown in Figure 4.3 at the 
trough length 2.6 m. Using the features available in the Solidworks 2010, the reflecting 
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Figure 4.3 The dimension of the parabolic surface of the PTC 
Using the features available in the Solid works 2010, the reflecting surface of the 
parabolic trough concentrator is calculated after setting aside the gap for the drainage 
purpose during rainy days. The value stated is shown in the Figure 4.3. The reflective 
surface area totaled to be 7.06 m2. Given the value of total radiation in UTP of 
555 W/m2, the parabolic surface roughly have a power rating of 3918 Watt assuming 




Delta 'i. o.oom 
Oelt~ z o.oom 
Total .,ea 7.06 meters • 2 
Figure 4.4 The dimension of the parabolic surface area of the PTC 
The proposed sizing of the system is conducted based on the smallest pipe 
possible for the receiver tube requirement. Stainless steel pipe will be used as the pipe 
line in the system as it has lower thermal conductivity; the 20 mm stainless steel pipe is 
selected after considering the size of thermal storage and economic aspect. The insulation 
of the pipe is ceramic fiber with the thickness of 7 mm. 
4.6 The Beat Transfer Fluid Selection 
The heat transfer fluid will be used to transport the heat from the receiver tube 
mediwn selection process for the concentrating surface need to be conducted. The 
objective of this process is to choose the most suitable medium for the transferring from 
the collector to the heat exchanger and can be stored without changing it phase that can 
lead to high vapor pressure in the pipe line of the system. The Selection matrix is as 
shown in Table 4.7. 
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Table 4. 7: Medium selection matrix for PTC HTF to the storage tank 
Criterion Weight 
High temperature operation 
5 
without changing phase 
Vapor pressure 4 
Specific Heat 3 





2 X 5 =10 3x4 =12 
1x4=4 4 X 4 =16 
4 X 3 =16 3 x3 =9 
4 X 3 =12 3 x3 =9 















From the selection matrix, it is finalized that the most suitable HTF for the concentrator 
is the Therminol-72. The properties of the all HTF can be referred in Appendix 4. 
4. 7 The Thermal Storage Tank 
The thermal storage tank functioned to retain the heat collected by HTF at the 
solar concentrator for as long as it can especially during night and rainy days so that the 
heat can be continuously transferred to the heat exchanger for a certain periods of time. 
The main material selection matrix for the HTF container is as shown as Table 4.8. 
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Table 4.8: Material selection matrix for HTF storage tank 
Criterion Weight 
Ability to withstand high 
temperature ( Coeficient of 4 
thermal expansion) 
Ability to withstand fracture 
3 (hardness) 
Ability to withstand corrosion 3 






Stainless Low Carbon 
Steel316 L 
3 x4 =12 
4 X 3 =12 
5 X 3 =15 
3x2=6 









3 x3 =9 
1 x3 =3 
5 X 2 =10 
5 X 2 = 10 
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Aluminium 
Alloy 6061 T6 
1 x4=4 
1 x3 =3 
5 X 3 =15 
5x2=10 
5 x2 = 10 
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From the selection matrix, it is finalized that the most suitable material for the storage 
containers is the Stainless Steel 316 L The properties of the all material can be referred in 
Appendix4. 
4.8 The Heat Exchanger 
The heat exchanger is selected based on the existing specification and just been 
chose based on sizing and estimation. The specification of the heat exchanger is selected 
as Exergy Model No.0604 and can be viewed in the Appendix 7. 
30 
4.9 System Design 
In this project, the draft designs of the product and its components are 
produced using Solidworks 2010 Premium. The 3D drawing is usefuJ in determining 
whether the components will fit each other perfectly. Drawing in in this software allowed 
for detailing such as fasteners selection, threading and simple assembly simulation. Using 
this software, some simulation can be done such as the thermal analysis on the 
concentrator and stress analysis on the thermal storage wall due to existence of evacuated 
layer. The simulation run on the component assemblies as one of the method to reveal 
any fault in the design thus allowing for corrective actions to be made on the draft in 




















Figure 4.6 The structure ofPTC (automatic control at the front) 
... 
.. .. . .





-----~ Evacuated Glass 
Stainless Steel 
Tube 
Figure 4.8 Evacuated receiver tube 


















Figure 4.11 Thermal storage tank for water and therminol-72 
Cork Cap 
Insulator 


















Figure 4.13 Break-up of the thermal storage tank 
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Some auxiliary component also has been designed to helps the completion of the 
system which will be shown in the Figure 4.14 and Figure 4.15 below. Noted that some 
of these auxiliary components are already on the market and will be just integrated into 
the system since the specification is acceptable the specification the heat exchanger can 
be viewed in the Appendix 7. 
Figure 4.14 Shell and tube heat exchanger with the 1 inch- 20 mm tube reducer 
Figure 4.15 High temperature pump with the linch- 20 mm tube reducer 
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Figure 4.16 Dummy load 
Figure 4.17 Dummy load break-up 
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Figure 4.18 High temperature flow meter 
Figure 4.19 10 mm inlet outlet ball valve 
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Basically the high temperature pump (Figure 4.15) will pump the Therminol-72 
from the storage tank (Figure 4.11) to the PTC (Figure 4.5 to 4.6) and will go to through 
the heat exchanger (Figure 4.14) before being stored back in the storage tank (Figure 
4.13). At the same time, the water will be pumped from the water storage tank the same 
as Figure 4.11 but will be containing the water through the heat exchanger to be heated 
by the Therminol-72 and will go through the dummy load (Figure 4.17) to measure the 
final temperature of the load. After that the heated water will be going through the 
condenser (Figure 4.14) to reduce its temperature and stored in the storage tank. Noted 
that the condenser is the same heat exchanger but will be used for cooling the hot water. 
The running water will be used as coolant running through the condenser. The whole 
layout of the system can be viewed in the Appendix 5. The flow rate of both liquid is 
regulated by ball valve (Figure 4.19) and measured with the high temperature flow meter. 
Figure 4.18 and 4.19 shows the technical drawings of the assembled products and 
the main components of the system. Currently, the type of the fasteners that will be used 
for the system is the nut and bolt connection. The fasteners list can be viewed along the 
other parts in the bill of material in the assemblies. 
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4.10 The Assumed Irradiation Arrived at the Receiver Steel Tube 
Based on the specification of the evacuated receiver tube and on paper findings 
the irradiation loss is calculated roughly as the input for the simulation that will be run on 
the Solidworks 2010. The result is not comparable since actual testing has not been done. 
The irradiation transferred is summarized in the table 4.9 





Transferred (W) (W) 
From reflective surface to 
1 70% 3918 2743 
evacuated glass 
2 
From the evacuated glass to the 
96% 2743 2633 
steel reciver tube 
From the table it is concluded the irradiation arrived at the receiver steel tube is 2633 W 
which means only 67.2 percent managed to be transferred. The percentage values are 
obtained from the specification sheet of the existing material. 
4.11 Solidworks Simulation 
To see whether safe operation of the vessel, stress and heat analysis is conduct 
through the use of Solidworks simulation software. The simulations were conducted on 
two major components of the design that has been identified as the most crucial in the 
process which is the a part of the PTC, which are the main body and the also the storage 
tank since this two component are designed from scratch. Not much stressed analysis is 
done since that is not the focus. The structure integrity also is not a concern since the 
reflective surface is quite light is guaranteed to be supported by a stainless steel structure. 
In a heat transfer, there are three type of transfers which are through conduction, 
convection, and radiation. The source of the heat in the process is from radiation from the 
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sun which is this project trying to utilize and maxliDIZe it whether it can supply 
acceptable heat to the whole process. 





























Figure 4.22 Result of thermal simulation analysis on the reflective surface in form of 
heat flux (top) and temperature distribution (bottom) 
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For thermal analysis of the reflective surface, Figure 4.22 shown that the 
elements undergo maximum heat flux 1.077 x 10"7 W/m 2· Which is quite low and 
caused by high reflective index of the coating. The temperature distribution also uniform 
because the irradiation I assumed to be dispersed evenly across the reflective surface. It 
cannot be denied that some of the heat is absorbed to the metal surface although it is 
coated with some coating and causing temperature rise to 35.8 °C across the surface. 












Figure 4.23 Result of thermal simulation analysis on the steel receiver tube 
For thermal analysis, Figure 4.23 shown that the elements undergo maximum 
temperature of 485°C at the bottom of the receiver tube. Heat is not distributed 
evenly to the entire body with the exception to the body where there is a high 
concentration of heat at the bottom compared to other areas. This is because the 
irradiation with the value of2633 W. Although the concentrated temperature is quite high 
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the tube has not experience any thermal deformation due to high temperature which 
means the material for the receiver tube is suitable. 
4.11.3 Thermal Energy Storage Tank (Therminol-72) 




























Figure 4.24 Result of stress simulation analysis due to evacuated wall (right) and the 
temperature of storage tank (left) 
Figure 4.24 shown that the elements undergo maximum stressed of 55 MPa due to 
the existence of the evacuated layer of 4 psi (Please refer pump specification on the 
Appendix. However the tank has not experienced any mechanical deformation which 
means the thickness and the pressure of the evacuated layer is acceptable. For the thermal 
analysis, the maximum temperature undergone by the storage tank is 516 °C concentrated 
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on the cork cap insulator. The high temperature at the cork is due to low specific heat of 
the cork. The temperature at the outside of the tank is quite low due evacuated layer. This 
is because the air inside the space between the layers is assumed to be fully removed. But 
there is still thermal loss on the outside of the tank due to conduction between the inside 
housing and outside casing although it is insulated by a cork gasket. 
4.12 Thenninol-72 Flow Rate Determination 
Table 4.10 shows the flow rate considering there are full heat transfer between 
the Therminol -72 and the steel receiver tube. The calculation given is based on the 
specification of the component itself and the result carried out from the Solidworks 
simulation for the temperature distribution in the Figure 4.21. 
Table 4.10 Summary of input and output values for heat transfer between Therminol-72 
and steel receiver tube 
INPUT OUTPUT 
Pipe ID (m) 0.016 Mass Flow Rate (kgls) 0.003195 
Pipe Cross Section Area (mA2) 0.000201062 Fluid Velocity (m/s) 2.1102E·02 
Thenninol-72 Density (kg/m'3) 753 Volumetric Flow Rate (m'3/min) 2.55E-04 
Thenninol-72 Viscocity (m'21s) 2.20E-07 Volumetric Flow Rate (1/min) 0.255 
Heat Supplied Q 2633 Capacity of the PfC (1/day) 183.3 
Specific Heat kJ/kg.K 2528 How many IITF rotation fur reheating 15 
Inside temperature( "C) 356 Capacity of the tank (m'3) 0.0125 
Outside Temperature ( "C) 30 Capacity of the tank (I) 12.5 
Temperature Difference ( "C) 326 Reynold Number 1535 
Volumetric Flow Rate (mAJfs) 4.24288E-06 Moody Friction Factor 0.0563 
Hours of operation per day 12 Pressure Drop (kPa/1 OOm) 0.0327% 
Based on Table 4.10 it is concluded that for a fully transferred heat, the 
volumetric flow rate of the Therminol-72 is at 0.255 liter/min. However, the minimum 
Reynolds Number of this flow rate in the tube is 1535 which is less than 2000. The flow 
is considered laminar. Since the flow is laminar, the heat transfer relies entirely on the 
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thermal conductivity of the fluid to transfer heat from inside a stream to the pipe or heat 
exchanger wall. 
4.13 Water Flow Rate Determination in Heat Exchanger 
Table 4.10 shows the flow rate of the water needed for the heat exchanger 
considering there is full heat transfer between the based on the specification of the heat 
exchanger. The end result for the water flow rate is achieved using NTU method 
combined with trial and error method and the result is summarized in Table 4.ll. 
Table 4.11 Summary of input and output values for heat transfer water in the heat 
exchanger 
INPUT 
U overall (W/m".C) 541 
C min kJ!kg.K (Therminol-72) 2528 
C max kJ!kg.K (Water) 4217 
Surface Area (m') 1.25 
Inlet water temperature( °C) 27 
Outlet water temperature ( °C) 100 
Temperature Difference ( 0 C) 73 
OUTPUT 
Mass Flow Rate (kg/s) 0.006574 
Effectiveness, e 0.88 
4.14 Auxiliary Item 
In order to perform its duties adequately, the system will be equipped with few 
auxiliary items; thermocouple, 24V DC electric motor, motor controller circuit, vacuum 
pump. The allocations for the equipment are integrated into the design but some 
modifications are still necessary to ensure the integrity and safety of the system. Selection 
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of the items is based on a mix and match to the design and needs of the system. Table 4.6 
shows proposed types of the auxiliary items and it details 
Table 4.12 The proposed auxiliary components used with the system 
Parts of Functions Type 
Com110nents 
Thennocouple To take temperature Type K probes 
measurement in the 
system 
Electric Motor To automatically DC 
handle the solar Bidirectional 
tracking Motor 
Motor Controller To control the -
Circuit movement of solar 
concentrator 
Vacuum Pump To maintain the -
vacuum space within 
the storage tank wall 
















(-50 C to500C) 
Bosch GPA 24 V 750 W 
I 2 V powered circuit refer 
Figure4.23 

















Figure 4.23 Schematic circuit for the automatic solar tracking implementation 
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Based on Figure 4.23, the circuit will function to control the solar tracking 




CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
From the research that had been done so far, the suitable concentrator shape is the 
parabolic trough as it has the largest receiving surface for the same area coverage. In term 
of material, stainless steel is the most suitable material by far to handle the high 
temperature operation. The irradiation measurement shows that the average irradiation of 
UTP is down by half with the value of total radiation of 555 W/m2 compared to most 
countries that apply the solar concentrating technology. This will lead to a double size 
concentrator compared the usual used to supply the same power. For the HTF selection, 
the Therminol-72 will be used and the piping dimension and selection also has been 
completed. Some technical drawing of system have completed (refer Appendix 6). 
Simulation using Solidworks had also been done and even though the result is favorable, 
some design modifications will improve it survivability and reduce material fatigue will 
be considered. Solidworks thermal test result also had shown that the accumulation of 
heat at the bottom receiver tube which where the reflected irradiation concentrated, 
however, there are no deformation caused by high temperature and the material is 
suitable for the purpose. 
In term of objective, a design for solar concentrator and the storage tank was 
produced at the end of this project however refmement of the design in term of 
allocations and modifications to fit the proposed equipment (Section 4.12) are still need 
to be done. 
5.2 Challenge 
Until this point of study there a few problem that been faced. The main problem is 
to determine the size of the solar concentrator, given the smallest evacuated receiver tube 
is still massive in size; the concentrator size will be quite big for a miniature scale. This is 
not favorable in terms of cost and space saving. 
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5.3 Recommendations 
Firstly, the Solidworks simulations are not very accurate in term of testing the 
products due to the variety of factors involved thus testing of the final product still need 
to be done in order to fully certified the product reliability. Which means the the product 
should be fabricated and and fully tested in the real environment. The application of 
Solidworks is only suitable for preliminary test but not the actual ones. For the storage 
tank, it is recommended to install an electrical heater to maintain the temperature of the 
HTF so that the fluid flow can be flowed much faster and have a better thermal 
performance. An alternative for Therminol-72 also need to be fmd as it is quite costly 
compared to water. 
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Figure Cl.l: Average Irradiation tabulation for UTP for 22 June 2011 
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Figure C1.3: Average Irradiation tabulation for UTP for 30 June 2011 
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Figure C1.5: A vemge Irradiation tabulation for UTP for 10 August 20 II 
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Figure Cl.4: Average lrradiation tabulation for UTP for 11 August 2011 
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Figure Cl.4: Average Irradiation tabulation for UTP for 13 August 2011 
APPENDIX4 
Table D1.1: Material properties of candidates for the thermal storage vessel 
Materials Stainless Steel316 Low Carbon Steel Aluminium Alloy 
(Anneled Plate) 
Composition (weight %) 0.04-0.10% c, 2.00"/o 0.22-0.28% c, 0.60- 0.80-0.12% M, 0.40-
Mn, 1.00"/o Si, 16.0- 0.90% Mn, 0.04% P, 0.80% Si, 0.15-0.40% 
18.0% Cr, 10.0-14.0% 0.05% S, and Fe Cu, 0.25% Zn, 0.15% 
Ni, 0.045% P, 0.03% Ti, 0.15% Mn,0.04-
S, 2.0-3.0% Mo, and 0.35% Cr, and 95.8-
Fe 98.6%Al 
Tensile Strength (MPa) 515 490 310 
Yield Strength (MPa) 205 415 276 
Elongation(% in 50mm) 40 IS 11 
Hardness (Brinell) 217 143 96 
Density (kglm3) 8000 7858 2700 
Elastic Modulus ( GPa) 193 210 68.9 
Mean Co-eff of Thermal 15.9 12.1 23.5 
Expansion at 0-1 00°C 
(llmfmf°C) 
Thermal Conductivity at 16.3 51.2 17.3 
too•c (W/m.K) 
Specific Heat 0-1 00°C 500 486 896 
(J/kg.K) 
Table D1.2: Material properties of candidates for the HTF 
Materials DownthermA Water Thenninol-72 
Temperature Range ("C) 12-260 0-100 12-380 
Specific Heat ,cp(J/kg.K) 2200 4190 2528 
Vapor pressure 
1.064 22 0.573 
@ 400 oc (MPa) 
Density, p (kglm3) 867 1000 753 
Thermal Conductivity 0.122 0.607 0.110 (W/m.K)@ 260 °C 
Table D2: Thenninol-72 properties versus temperature 
Properties of Therminols- 72 vs Temperatures 
T~-:;P.r.::~ ~ ·~ o:-~·.r.-- rne·:-~a: .. ~!: \' ·...-:c:."!'; \'::(ur 
.:::~1jJ:r v:, .:::t:a :nr tt£~.:J..!f2 
l){:'\!,....IC -.t.:-·.a:~: :Jt~ . :,t::e· 
'" •a '·-·,, 11-. K ~J lJ_, --):"j : ---: ... _:;•• ~~::· 
-
·10 1106 0.143 t471 383.03 346.32 0.96 
0 1al7 0.142 1A96 5!1.23 Sl!lll 1.1~ 
10 11:118 0.141 1525 2U7 2:1.40 1.35 
20 1079 0.140 tS52 13.52 12.SI 1.60 
30 1070 0.138 1.579 8.69 8.12 1.1$ 
40 11li1 0.137 IBM~ 6.09 5.74 2.2-1 
50 1('62 0.138 1.633 4.52 4.30 2.!15 
50 11)13 0.135 1.661 3.5-l no 3.14 
70 1034 0.134 1li88 2.79 2.70 3.71 
80 1Cl25 0.132 1.715 2.29 223 u~ 
90 1016 0.131 1.742 1.91 188 5.1$ 
100 1007 0.130 1.769 1.61 1.60 6.1~ 
110 9ll6 0.129 1 .?96 1.39 1.39 1.23 
120 989 0.127 1823 1.20 1.21 8.54 
uo 919 0.126 1850 1.05 1.01 1a.\l! 
1~0 970 0.125 1877 0.93 0.96 II.!$ 
ISO ~' 0.124 1.905 0 83 1,86 14.00 
I &:I 952 0.123 1932 0.7( 1).78 1&.54 
170 943 0.121 1959 0&& 0.70 19.!l:! 
IS~ 934 0 120 1986 l50 0.64 22.95 
190 ~5 0.119 20:3 0.55 0.59 27.07 
200 9'6 0.116 2C4C H9 1).54 31.95 
21l 901 0.117 2C67 ~.!5 ,, s.c 37.54 
220 &le 0 115 2C94 OC2 (•.47 !!.t! 
23J ~9 O.IU 2 '2\ 0.38 NJ 51.95 
2" ~c 0.113 2 '46 0 35 ~) . .10 51.1-l 
25'3 .;r ).112 2 ~ 76 3 33 •J.38 71.$; 
2'&3 :t.• 
. " ).113 22C3 0.33 ·)JS S-'.!-? 
2'0 :.53 0.1~~ 223C J2S ':•JJ 99.29 
253 CJ4 J.BS 2 257 3.2& ·) 3~ 116.€0 
29) ;:JJ 3.1 )7 2284 ns ·J ~c 13£:~. 
3)) t~S JtJo 2 3" J 23 .; 28 1&).7'~ 
31J 3'( J.IJ! .2 338 322 ·:·n 166.7( 
3ZJ .:c;- J I)) 2 365 )2) ·::.25 221 ,;.:. ' 
' 3.33 7'!3 ).1J2 :? 392 )19 ·:·.=:.t 259.~.:-
3tJ 7'89 ) IJI 2 4'9 lIS ,:-23 3JH-I 
3>l :ac Hll 2 44( 11' ·::n 35?.E ., 
3>l ., .... ))95 ?474 :u ~ .:-:1 ! 18_1:. " 
'' 
Fl 7E2 llF :· sc. l.IS -: :c !59 . :-:. ., 
38J ;-:,; J.)~ ?528 ) ,, ':• . 9 5?3 ,,, 
l't:;.; -•• t.-.;·, ·lJ:t;-: .a·~ !ou: i.JJ'' :~:-~1: · '"''. :o.:crit:·, ·::; :·::v.:~<" ·.1~:,~ :t•o·-~~=~: .. ,;~·o·:· :t;•:·, -,:~, .••. ~!.~ 
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Figure E.2 The concept modelling of the system 
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:hemic'3 Processing Pumps 
Q.ID.e: I Gear Pumps I Max-Series I Mfi 
ModeiM6 
High Pressure Gear Pump 
316 55 I Titanium 
Sealed I Mag-Drive 
Port Connect:ions 
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Max Oiff. Pressure 





NPSHR @I Max Speed 
Uft {Dry) ® Max Speed 
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350 PSI; 24.1 BAR 
500 PSJG; 34.5 BARG ** 
100,000 C::PS (mPas) 
500 Df; 260 °C 
-4Q Df; -40 DC:: 
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7FT; :i.i M 
54 LBS; 24.5 KGS 
54 LBS; 24.5 KGS 
Max'' Series 
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Model M6 Sealed or Mag•Drive 
ctostH:oupled 
Uquiflo Max .. Series Gear Pumps are manufactured from 
316 Stainless steel or Titanium, and are available In both 
Sealed and Mag-drive configurations. These pumps feature 
Helical gears and relieved wear plates for smoother and quieter 
operation and inb1nsic reduction of gear separation forces. lhefr 
unique and durabie design will assure extended life In 
high-pressure pumping applications. 
ANSI 150# Ranges are standard; 300# RF Ranges are optional. 
* For flanged pumps, pressure derating is required based on flange type and temperature. 
M6 Performance Curves 
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Figure J.l The sample of motor controller program 
DEFIHE LCD_DREG PORTD 
DEFIHE LCD_DBIT 
DEFIHE LCD_RSREG PORTE 
DEFIHE LCD_RSBIT 
DEFIHE LCD_EREG PORTE 
DEFIHE LCD_EBIT 
ADCON := 
d t " V .lR PORTC. 
c 1 k V.lR PORTC. 
cmdt1 CON % 
cmdh1 CON % 
result V.lR VORD 
chksu1 V.lR BYTE 
cmd V.lR VORD 
RH 1 i r V.lR VORD 
RHtc V.lR VORD 
Tem~ V.lR VORD 
DP VllR VORD 
TempDI V.lR VORD 
Rchk V.lR BYTE 
1 ogE> V.lR VORD 
s i gr V.lR BIT 
"Y V.lR VORD 
wz V.lR VORD 
n..,: U'ID Ui"'Dn 
1 
